a Objective: We sought to investigate the effects of HIV infection on the vaginal microbiota and associations with treatment and demographic factors. We thus compared vaginal microbiome samples from HIV-infected (HIVþ) and HIV-uninfected (HIVÀ) women collected at two Chicago area hospitals.
Introduction
As the human microbiome comes to be better understood, interest has shifted to understanding differences between human populations and associations with disease. Multiple factors affect microbiome assembly, including stochastic acquisition of bacterial strains, diet, age, pet ownership, and antibiotic use [1] [2] [3] [4] [5] [6] . These complexities often leave dissecting the effects of individual factors challenging, yet these complex interpersonal differences represent the background on which real-world treatment of disease takes place. Many of modulators of the microbiota are expected to vary with demographic and socioeconomic status. Here, we investigate longitudinal vaginal microbiota samples from HIV-infected (HIVþ) and HIV-uninfected (HIVÀ) women in the city of Chicago, where sampling took place at two hospitals, which are separated by less than 5 miles but serve quite different socioeconomic groups.
HIV infection rates differ with economic status, and HIV infection is known to affect the human microbiota [7] [8] [9] [10] [11] [12] [13] [14] . Advanced disease and AIDS are associated with immunodeficiency, which can result in opportunistic infections and alterations in the microbiome [8, [15] [16] [17] [18] [19] . Some of the expanded microbes are readily detected in the healthy human microbiome and are only pathogenic in immunodeficient states. The microbiota has been implicated in HIV transmission and disease progression [20] [21] [22] [23] . Immune responses to the normal microbiota may shape the possible immune responses to new infections with HIV, and inflammation associated with microbial action may promote transmission by inducing proliferation of cells that support HIV infection. After infection, leakage of microbial antigens across the damaged gut may promote inflammation and associated morbidity [24, 25] . These observations and others have motivated detailed studies of the interaction of HIV and the human microbiome.
Associations between composition of the vaginal microbiota and HIV status have varied among studies. A 2008 meta-analysis showed that bacterial vaginosis was associated with a 1.6 times increased risk of HIV acquisition [26] . A study of 174 Rwandan sex workers showed a strong association between the structure of the vaginal microbiome and HIVþ status [27] . In a study of at-risk women in Kenya, bacterial vaginosis and herpes simplex virus 2 infection were the two strongest risk factors associated with HIV acquisition over a 20-year period [28] . Bacterial vaginosis is known to be more common in African-American women, motivating studies of associations with HIV infection [29] . In contrast, a study of the vaginal microbiome in 64 women in Chicago showed no differences associated with HIV infection [30] . Another study, comparing vaginal microbiota in women from Rwanda and the United States, together with HIV status, found modest differences for both geographic site and infection status [31] . Thus, reported associations between HIVþ status and structure of the vaginal microbiota have varied with cohort and geographical location.
Here, we study the vaginal microbiome in women sampled at two hospitals in Chicago -Stroger Hospital of Cook County and Northwestern Memorial Hospital (NMH) that serve quite different socioeconomic groups, one relatively affluent (NMH) and the other less advantaged (Stroger Hospital of Cook County) (Fig. 1a) . The data could thus be explored to interrogate the relationship among demographic status, HIV status, and the vaginal microbiota.
Methods

Human patients
Cervicovaginal (CVM) and cervical mucous (CM) samples were obtained from donors after written informed consent, under a protocol approved by the Institutional Review Board at Northwestern University, as per a previously described protocol [32] . Premenopausal women were enrolled throughout the menstrual cycle and returned for up to three visits, with a minimum of 1 month between sampling times. CVM was collected using an Instead SoftCup (EvoFem; San Diego, California, USA), which was inserted into the vagina for a minimum of 30 min by each donor, removed, and placed into a 50-ml centrifuge tube. CM samples were aspirated with a mucus collection device, Mucat (Sepal Reproductive Devices; Boston, Massachusetts, USA), directly from the cervical os. All CM and CVM samples were centrifuged at 780 Â g for 10 min, and the clear top layer was collected using a positive displacement pipette. The pH of all mucus samples was measured using a smallvolume pH electrode (Metrohm; Riverview, Florida, USA). All samples were stored at À80 8C until DNA was extracted in batches. The Nugent score was determined by Gram stain of CVM smears and microscopic assessment of the abundance of large, small, or curved Gram-positive rods.
Sequence analysis
Isolated DNA was quantified using the Picogreen system (Promega, Madison, Wisconsin, USA), and 50 ng of DNA was amplified in each PCR reaction. Primers were barcoded to label each sample as described previously [33, 34] . PCR reactions were carried out in triplicate using Accuprime (Invitrogen, Carlsbad, California, USA). Each reaction contained 50 ng of DNA and 10 pmol/l of each primer. Primers annealing to the V1V2 region of the 16S bacterial gene were used for amplification. The PCR protocol for 16S amplicons was described previously [35] . Amplified 16S rDNA fragments were purified using a 1 : 1 volume of Agencourt AmPure XP beads (Beckman-Coulter; Brea, California, USA). The purified products were sequenced on an Illumina MiSeq. All DNA sequence data have been deposited at the NCBI SRA under accession number SRP062720.
Data analysis
Sequence data were processed using QIIME [36] , augmented by the R package QIIMER (http://cran.rproject.org/web/packages/qiimer). The 16S rRNA sequences reads were clustered into 97% OTUs using UCLUST [37] , yielding 157 726 OTUs. All pairwise distances between samples were calculated using weighted and unweighted UniFrac [38] . Results were not corrected for multiple comparisons. Data were displayed using Principal Coordinate Analysis and colored based on different metadata variables. All statistical calculations and plots were carried out using R.
Results
Cohorts studied
Women from Stroger Hospital of Cook County or NMH were studied, using an extensive sample set collected previously to analyze the biophysics of HIV particle interactions with the vaginal epithelium [32] . Demographic data are summarized in Supplemental Table 1 The Stroger Hospital of Cook County cohort was derived from a less-advantaged socioeconomic background than the NMH cohort. To compare income levels, Internal Revenue Service individual income tax information from 2013 (https://www.irs.gov/uac/ soi-tax-stats-individual-income-tax-statistics-2013-zipcode-data-soi) was used to calculate income for all taxpayers in the zip code of each hospital. The median income of patients at Stroger Hospital of Cook County hospital was inferred to be between $1 and $25 000, whereas that of those from NMH was between $75 000 and $100 000.
The HIV status of the women in these two cohorts is shown in Fig. 1a -c. A total of 71 of 128 (55%) women included in this study from Stroger Hospital of Cook County were HIVþ, whereas 19 of 50 (38%) of the NMH women were HIVþ.
Several clinical measures differed between the two hospital cohorts (Table 1 ). The vaginal pH was higher in the Stroger Hospital of Cook County cohort than in the NMH cohort (P < 0.001, Table 1 ). The average Nugent score, an indication of bacterial vaginosis, was also higher in the Stroger Hospital of Cook County cohort than in the NMH cohort (P < 0.001, Supplemental Table 1 , http://links.lww.com/QAD/B48). Similar to previous observations [39] , the average Nugent score was higher in older women (P < 0.001).
Several clinical parameters differed between HIVþ and HIVÀ women within each cohort ( Table 1) . The CD4 þ cell counts did not differ between hospitals (mean of 516 versus 561 cells/ml) and were well above the AIDSdefining threshold of 200 cells/ml. Viral loads were less than 40 copies/ml. The Nugent score was significantly higher for HIVþ women (P < 0.001, Table 1 ), indicating a link between bacterial vaginosis and HIV status as reported previously [26] . Vaginal pH was also higher (P < 0.001) -high pH is associated with bacterial vaginosis. For unknown reasons, estradiol concentration, measured in pg/ml from the blood at the time of mucus collection, also differed between HIVþ and HIVÀ (P ¼ 0.002), with higher values associated with HIV infection in both hospitals.
DNA purification and sequencing
The vaginal microbiome was characterized using 16S rRNA gene tag sequencing. DNA was purified from cervical or cervicovaginal mucus then samples amplified with 16S rRNA gene primers targeting the V1V2 region [35, [40] [41] [42] . This primer set has been used in previous studies of the vaginal microbiome [30] and is generally effective at recovering 16S sequences from vaginal organisms. Sequence data were acquired using the Illumina MiSeq platform (paired end sequencing, average of 50 127 sequences per sample; Illumina, San Diego, California, USA).
Samples were analyzed using the QIIME pipeline [36] . Sequences were clustered into operational taxonomic units (OTUs) using UCLUSTat 97% identity. An average of 483 OTUs was detected per sample. There were no systematic differences in the number of OTUs per sample between the hospitals or associated with HIV infection status (both P > 0.1).
Bacterial lineages detected in the sample sets
The bacterial lineages present in each sample were then investigated ( Fig. 1d-g ). The OTUs were assigned to the Greengenes bacterial taxonomy using UCLUST. To assign Lactobacillus sequences to the species level, sequences were compared with the 16S Lactobacillus type strains downloaded from Bacterio.net. As was seen in previous studies [3, 9, 11, 43, 44] , many samples showed high proportions of bacteria from the genus Lactobacillus ( Fig. 1d and e) . A total of 99.3% of Lactobacillus sequences were classified to the species level (using BLAST with e value threshold of 10 À5 and percentage identity >97%). ultunensis, and Lactobacillus rhamnosus (Fig. 1f) . The proportions of Lactobacillus varied widely, with some samples composed nearly entirely by Lactobacillus, whereas others were almost free of Lactobacillus. The proportions of the different Lactobacillus genera in general did not differ between the hospitals studied or HIV infection status (P ¼ 0.786 and 0.693, respectively), though the relatively rare L. crispatus and L. gasseri were more common in samples from Stroger Hospital of Cook County hospital (P ¼ 0.009 and 0.001, respectively, Table  1 ). The significance of this difference is unknown and could be either due to happenstance of colonization in different geographical locations or factors such as race, diet, health status, or hygiene practices.
Genera detected in addition to Lactobacillus, in order of total abundance, included Shuttleworthia, Atopobium, Streptococcus, and lineages suggested to be proinflammatory [45] including Sneathia, Prevotellla, Aerococcus, and Gemella (Fig. 1g) .
Relationship of vaginal microbial patterns and sample metadata
We next explored relationships of the vaginal microbiota and clinical data available for the patients studied. Distances were calculated on the basis of 16S rRNA gene sequence proportions between all pairs of samples, and the resulting matrix was then used for cluster analysis to allow visualization of microbial communities relative to metadata (Fig. 2 ). Distances were calculated using UniFrac, which involves placing pairs of communities on a common phylogenetic tree and calculating the unique and shared branch length [38, 46] . UniFrac distances were calculated on the basis of the relative abundance of each taxa (Fig. 2, weighted analysis) , or based on presenceabsence information only (Supplemental Fig. 1 , http:// links.lww.com/QAD/B48, unweighted analysis).
Communities were compared using Principal Coordinate Analysis for data visualization and PERMANOVA for statistical testing. Axes 1 and 2 explained 56.2 and 10.2% of the variation, respectively, in the weighted analysis, and axis 1 correlated with the proportion of Lactobacillus (Fig. 2a) . No significant difference in community structure was observed associated with HIV infection status (Fig. 2b) or hospital (Fig. 2c ). Higher Nugent scores ( Fig. 2d ) and higher pH values (Fig. 2e ) trended with lower proportions of Lactobacillus (Fig. 2a) .
Several genera have been suggested to be proinflammatory, including Fusobacterium, Aerococcus, Sneathia, Gemella, Mobiluncus, and Prevotella. Pooling the proportions of these genera showed that they partitioned into a specific part of the low-Lactobacillus group and separated A g e R a c e A fr ic a n -A m e ri c a n E th n ic it y H is p a n ic along axis 2 (Fig. 2f) . Gardnerella, another proinflammatory lineage previously identified in studies of the vaginal microbiome, is not resolved at the genus level using the V1V2 16S gene primer set used here.
Several previous studies have suggested that vaginal bacterial communities may partition into 'cervicotypes' based on community membership -that is, vaginal communities may show reproducible stable states. In Fig. 2g , communities are colored according to cervicotypes proposed previously (greater than 50% Lactobacillus or proinflammatory organisms). Samples studied here also separate on the basis of their content of these organisms, though cervicotypes tended to grade into one another and were not sharply distinguished.
In summary, vaginal communities separated by proportions of Lactobacillus and diversity (Fig. 2a) . Diversity and pH were associated with Nugent score (Pearson's correlation r ¼ 0.45 and 0.44, P < 0.001 and 0.001, respectively, Supplemental Fig. 2 , http://links.lww.com/QAD/B48), paralleling several studies that have shown that bacterial vaginosis is associated with low Lactobacillus, high diversity, and high pH [9, 11, 18, 43, 44] . The high diversity state was associated with increased representation of proinflammatory lineages (Fig. 2g) , including Mobiluncus.
The Shannon diversity and proportion of certain Lactobacillus species differed between the two hospitals, likely due to the differences in rates of bacterial vaginosis (Table 1) . No statistically significant difference was found in the overall proportion of Lactobacillus between hospitals or HIV status (P ¼ 0.786 and 0.693, respectively), but within each hospital, higher proportions of Lactobacillus were observed in HIVÀ individuals (NMH HIVþ versus HIVÀ, P ¼ 0.047; Stroger Hospital of Cook County HIVþ versus HIVÀ, P ¼ 0.052) (Supplemental Fig. 3 , http://links.lww.com/QAD/B48).
We next investigated microbial community structure in the women most affected by HIV infection. For women with the highest viral loads (>1000 copies/ml), there was a trend toward higher diversity (P ¼ 0.188). For women with CD4 þ cell counts below 200 cells/ml, there was no significant difference in Shannon diversity (comparison of samples with <200 versus >200 cells/ml yielded P ¼ 0.8256). Thus, the most HIV-affected women were not detectably different, though our power to detect differences was low due to the small numbers.
Global analysis of patient metadata and bacterial measurements Given the large amount of patient metadata collected, we were able to carry out a global investigation of associations between patient information and bacterial measurements, including proportion of Lactobacillus, sum of proinflammatory genera, and Shannon diversity (Fig. 3) . We converted variables such as HIV status, presence of an opportunistic infection, and oral steroids into binary variables. Race was split into African-American or not and ethnicity into Hispanic or not. Excluding the hospital information, we built principal components from the multiparameter data (Fig. 3a) , and compared correlations among data types (Fig. 3b) .
We observed the expected relationship of Nugent score, bacterial vaginosis, sum of proinflammatory genera, and Shannon diversity, which were positively correlated with each other and negatively correlated with proportion of Lactobacillus (Fig. 3a and b) . Bacterial vaginosis was positively associated with age (bacterial vaginosisnegative median age ¼ 35 years, bacterial vaginosispositive median age ¼ 40 years, P ¼ 9.04 Â 10 À5 ). In both cohorts, Shannon diversity was higher for the HIVþ women, but the range was quite wide, so the P value only trended toward significance (P ¼ 0.186).
Associations of bacterial vaginosis, HIV, and race
These data showed an association between bacterial vaginosis, HIV, and race. Self-identified African-American women were diagnosed with bacterial vaginosis more frequently [Fisher's exact test P ¼ 0.00112; odds ratio (OR) ¼ 3.48], consistent with previous literature [29] . African-American women were also more likely to be HIVþ (Fisher's exact test P ¼ 0.00014; OR ¼ 3.77).
We then asked whether there was a positive association between bacterial vaginosis and HIVþ. For the cohort, analyzed over all time points, the association was highly significant (Fisher's exact test P ¼ 5.62 Â 10 À6 ). When the test was conducted using only the first time point, so that each woman contributed only one measurement, results were still significant (Fisher's exact test P ¼ 0.046). Following previous literature on bacterial vaginosis and health disparities [29] , we investigated associations of HIV, bacterial vaginosis, and race. We found that when all data points were analyzed as a pool, HIV and bacterial vaginosis were positively associated within both selfidentified African-Americans (Fisher's exact test P ¼ 0.0087) and other racial groups (Fisher's exact test P ¼ 0.009) independently. When samples were compared using only the first time point, which reduced power, significance was lost for African-Americans, but still detectable for other races (Fisher's exact test P ¼ 0.020). Thus HIVþ is associated with bacterial vaginosis; we return to possible mechanisms explaining this correlation in the 'Discussion' section.
Switching bacterial vaginosis status as a measure of community stability Longitudinal data for each woman provided an opportunity to investigate individual changes in bacterial vaginosis status. Eighty-two women provided at least two samples with a known bacterial vaginosis status for several samples, excluding instances when the examining physician categorized the bacterial vaginosis state as 'indeterminate'. The timing between samples was comparable in women from both hospitals.
To investigate longitudinal dynamics, we thus compared the frequency of switching between bacterial vaginosis and non-bacterial vaginosis states. Of the 82 women, 21 switched bacterial vaginosis status in the study. A total of 19 of the 21 women who switched bacterial vaginosis status were from Stroger Hospital of Cook County, whereas only two were from NMH (Fig. 4 , Fisher's exact test P ¼ 0.007). Both NMH women switched from being bacterial vaginosis-negative to positive; 11 of the 19 (58%) Stroger Hospital of Cook County women switched from bacterial vaginosis-negative to positive.
The propensity to switch states was next queried relative to sample metadata. Self-identified African-American women were found to switch bacterial vaginosis status more frequently (Fig. 4b , Fisher's exact test P ¼ 0.015). This was found to account for the greater frequency of switching in the comparison between hospitals, because the Stroger Hospital of Cook County cohort included a higher percentage of African-American women. Within African-American women, HIV status did not correlate with switching frequency (Fisher's exact test P ¼ 0.6).
Comparison of cervical mucus and cervicovaginal mucus
The current study is the first to compare cervical mucus and cervicovaginal mucus within the same women (n ¼ 146). These two sample types differ in site and procedure of collection (described in the 'Methods' section and [32] ). We first investigated the bacterial composition of the cervical mucus samples (Supplemental Fig. 4A , http://links.lww.com/QAD/B48). Both cervical mucus and cervicovaginal mucus were dominated by Lactobacillus and showed similar microbial diversity (Supplemental Fig. 4B , http://links.lww.com/QAD/ B48). No systematic differences were detected between sample types. When we attempted to assess differences between CM and CVM based on bacterial abundance using random forest, we were unable to predict sample type better than guessing.
We investigated the extent of differences by comparing the within-patient differences between sample types to between-patient differences within a sample type. Samples were compared using unweighted (Supplemental Fig. 4C , http://links.lww.com/QAD/B48) and weighted UniFrac (Supplemental Fig. 4D , http://links.lww.com/ QAD/B48). We found that samples of either of the two types were more similar if they came from the same patient than samples of the same type from different patients (P < 0.001 for weighted and P < 0.001 for unweighted). Furthermore, samples within the same patient taken at the same time point, but from different sites, were the most similar. Thus, no significant differences between sample types were detectable by 16S rRNA gene sequencing.
Discussion
Here we report a study of the association of HIV infection and the vaginal microbiota in women sampled at two Chicago hospitals. The cohorts sampled, though from the same city, differed in median income, health, racial, and demographic factors. Women treated at both hospitals achieved good virologic control (<40 viral RNA copies/ ml of blood). Thus, the HIVþ patients were relatively healthy, likely accounting for the relatively modest differences seen in the vaginal microbiota associated with HIV status. Analysis of the vaginal microbiome showed notable associations between high diversity states, high pH, and bacterial vaginosis as inferred from Nugent scores, paralleling previous studies [9, 11, 18, 43] . Previous studies have differed on associations between HIV status and bacterial vaginosis [26] [27] [28] 30, 31] ; here we found that HIVþ status was correlated with bacterial vaginosis status.
Our most unexpected finding came from the longitudinal analysis, in which switching of bacterial vaginosis status turned out to be associated with self-identified AfricanAmerican race, though this was not detectably linked to HIV status. This finding accounted for more frequent switching by the women sampled from the Stroger Hospital of Cook County hospital. For some women, the vaginal microbiota has been reported to show longitudinal variation, in some cases associated with the menstrual cycle but also on other time scales as well [44, [47] [48] [49] . The factors driving longitudinal dynamics have not been fully clarified. The fluctuations in bacterial vaginosis status were not associated with HIV infection, though the number of switchers identified was low, limiting the power to detect association. The basis of longitudinal instability in vaginal microbiome structure among African-American women is unknown and was not obviously associated with any of our metadata. Candidate explanations include genetic differences or cultural differences such as hygienic practices.
The current study has several limitations. We did not collect detailed data on diet, behavior, and hygiene practices, which might have influenced microbial community structure. Although our sample size is relatively large, the heterogeneity of the patients limited power. Finally, the fact that patients were well cared for limited the number of patients with low CD4 þ cell counts and high viral loads, which would have been useful to compare with other studies that reported larger differences in the vaginal microbiota associated with HIV infection.
Bacterial vaginosis has been associated with de novo HIV infection in previous work [29] . In contrast, most of the women studied here had been HIVþ for many years, but still a positive association between HIV and bacterial vaginosis was detectable. Various models may explain this observation. It is possible that women can develop a persistent long-term state in which bacterial vaginosis is frequent and that this state is associated with more frequent HIV infection. Alternatively, HIV infection may promote bacterial vaginosis, despite effective antiretroviral therapy. Still another possibility is that high frequencies of bacterial vaginosis are markers for socioeconomic, genetic, or other factors that are positively associated with HIV infection as well without being directly causal. At present, it seems simplest to invoke the first model, as inflammation associated with bacterial vaginosis may result in recruitment of HIV infection target cells to the mucosa, and so provides a simple explanation for these data [29] . If correct, this emphasizes that interventions designed to reprogram the persistent frequent bacterial vaginosis state may help prevent HIV transmission.
